LINEAE VOLTAGE SUBTRACTOR/ADDER CIRCUIT AND 
MOS DIFFERENTIAL AMPLIFIER CIRCUIT THEREFOR 



Field of the Invention 

The present invention relates generally to a MOS 
differential amplifier circuit, and more particularly to a voltage 
subtractor/adder circuit formed on a semiconductor integrated 
circuit device and a MOS differential amphfier circuit which 
reahzes such voltage subtractor/adder circuit and which has 
linear transconductance. 

Background of the Invention 

Fig. 17 shows a conventional voltage subtractor/adder 
circuit described in a publication (IEEE Journal of Sohd-State 
Circuits, Vol. CAS-32, No. 11, pp.1097-1104, Nov. 1985). The 
circuit of Fig. 17 comprises two sets of MOS differential pairs. 
One of the MOS differential pairs comprises MOS transistors 
Ml and M2, and the other of the MOS differential pairs 
comprises MOS transistors M3 and M4. Each of the MOS 
differential pairs is driven by a tail current Iss. 

In the voltage subtractor/adder circuit shown in Fig. 17, 
voltages VI and V2 are applied to the gates of the transistors 
Ml and M4, respectively, of the two sets of MOS differential 
pairs. Both the transistors M2 and M3 are diode-coupled and 
are driven by a common constant current source (Iss). 

Here, with respect to the two sets of MOS differential 
pairs, tail current values of respective MOS differential pairs 
and a current value of a constant current source which drives 



the diode-coupled transistors M2 and M3 are all the same. 
Therefore^ the following formulas are obtained. 



Idi+Id2=Iss (1) 

Id3+Id4=Iss (2) 

Id2+Id3=Iss (3) 

where, Id Jds designates drain currents of the 

transistors Ml, M2, MS and M4, respectively. Therefore, the 
following relations are also obtained. 



That is, since the currents flowing through the 
transistors Ml and M2 are equal to the currents flowing 
through the transistors MS and M4, respectively, the 
differential input voltages of the two sets of MOS differential 
pairs become equal to each other. Therefore, assuming that a 
common gate potential of the diode-coupled transistors M2 and 
MS is Vq, the following relation exists. 




.... (4) 

(5) 



Vx-Vo=Vo-V2 



(6) 



That is, the following formula is obtained. 



Vo- 



•••(7) 



2 
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From this formula, it can be seen that the circuit shown in Fig. 
17 functions as a voltage adder circuit. In this case, the 
differential input voltage of each of the MOS differential pairs 
becomes as follows- 



F,-K„-K„-F.-^^^ -(S) 



Next, drain currents I^i and Ir,4 of the transistors Ml and 
M4, respectively, of the MOS differential pairs will be derived. 

Neglecting the body effect and the channel length 
modulation, and assuming that the relationship between a 
10 drain current and a gate-source voltage of a MOS transistor 

operating in saturation region follows the square -law, the drain 
current of a MOS transistor can be represented as follows" 



lD=i3(VGs-VTH)' (Vgs^Vth) (9a) 
15 Id=0 , (Vgs^Vth) (9b) 

Here, /3 =/z (Cox/2) (W/L) is a transconductance parameter, ii 
is an effective mobility of carrier, Cqx is capacitance of a gate 
oxide film per unit area, W is a gate width, L is a gate length, 
20 and Vxh is the threshold voltage of a MOS transistor. 

Assuming that the MOS transistors are matched well, 
the drain currents of the transistors Ml and M4 become as 
follows: 



r 



Dl 



Dl 



(lOa) 



•••(10b) 



(lib) 



where, 

Vi=VrV2 (12) 

Therefore, the circuit shown in Fig. 17 also functions as a 
voltage subtractor circuit. That is, the circuit shown in Fig. 17 
is a voltage subtractor/adder circuit. 

An explanation will now be made on a MOS differential 
amplifier circuit which has linear transconductance. Fig. 18 
shows a general structure of this type of MOS differential 
amplifier circuit which is disclosed in Japanese patent laid- 
open publication No. 7-127887. The circuit of Fig. 18 
comprises a MOS differential pair having MOS transistors Ml 
and M2 which are driven by a tail current Iss (=Io+ ^ Vi^/2). 

Assuming that the MOS transistors are matched well, a 
differential output current ^^B^^Di'^m of the MOS differential 
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pair comprising the transistors Ml and M2 becomes as follows^ 



< 




•(13a) 



•••(13b) 



Therefore, when the value within V" in the formula 
(13a) is a constant value, the differential output current AI^ of 
5 the MOS differential pair becomes hnear. That is, the 

condition of the tail current in an adaptive -biasing differential 
pair becomes as follows^ 

IsS^Io^\^V' --(14) 

Therefore, by driving a MOS differential pair by using a 
10 tail current which has a square-law characteristic of an input 
voltage, it is possible to completely compensate 
transconductance of the MOS differential pair. The method of 
driving a MOS differential pair by using a current which varies 
dynamically such that the transconductance becomes linear is 
15 called an adaptive-biasing method. Also, the differential pair 
which has a linear transconductance obtained in this way is 
called an adaptive -biasing differential pair. 

Fig. 19 shows an example of a concrete circuit of an 
adaptive -biasing differential pair in which a tail current is 
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supplied thereto by using quadri-tail cell as a squaring circuit. 

An output current II of an output of the quadri-tail cell 
shown in Fig. 19 can be obtained as follows- 



Il~Id3"'"Id4 



(15) 



3/3 



V 
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•(15a) 



•(15b) 



••(15c) 



Therefore, it is possible to obtain a square -law current. 

In order to adaptively bias a MOS differential pair by 
driving the MOS differential pair by using the output current of 
the quadri-tail cell, it is possible to set the tail current as 
determined by the following formula: 

Iss=2Io-2Il (16) 

By setting the tail current in accordance with the above 
formula, transconductance becomes a constant value g^—^T 
{(2Io)/ iS }, in a range of an input voltage | Vi | ^/'{(2Io)/(3 /3 )}. 

A differential output current A I (=Idi"Id2) of 
adaptive -biasing differential pair which uses the quadri-tail cell 
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becomes as follows* 



f 



AI= ^|2^-7Ff.4^,|j2(^-K; 



Transconductance can be obtained by differentiating the 
formulas (l7a) through (l7d) by an input voltage Vi. 
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1 



•••(18a) 



4 



•••(18b). 



••(18c) 



•(18d) 



As can be seen from the above formulas, the 
transconductance of an adaptive -biasing differential pair 
becomes a constant value gj^-/' {(21^/(3}, that is, the 
transconductance of an adaptive -biasing differential pair shows 




a flat characteristic, in a range of an input voltage | Vi | ^ 
{(2Io)/(3 i3)}. 

Although the above-mentioned voltage adder circuit has 
both the subtraction function and addition function, the 
5 subtraction function is inferior in linearity to the addition 
function. 

Also, in a linear transconductance amplifier for reahzing 
both the subtraction function and addition function, an input 
voltage range in which the hnear transconductance amplifier 

10 operates linearly depends on an input voltage range within 
which the squaring circuit for supplying the tail current has a 
square -law characteristic. However, it is difficult to reaUze a 
squaring circuit which has an input voltage range within which 
the squaring circuit shows a square -law characteristic 

15 throughout the whole operating input voltage range of the MOS 
differential pair. Therefore, conventionally, it was impossible 
to realize a hnear transconductance amplifier having a wide 
hnear input voltage range. 

In the field of analog signal processing, a circuit for 

20 performing subtraction and/or addition is an essential function 
block. Especially, the requirement for realizing a MOS 
differential amplifier circuit having linear subtraction and 
addition function has become stronger. 

Also, such MOS differential amplifier circuit having 

25 linear subtraction and addition function can be reahzed by 
using a differential amplifier circuit having hnear 
transconductance. Therefore, such differential amplifier 
circuit having hnear transconductance is also an essential 
function block in the field of analog signal processing. 

30 Especially, the requirement for realizing a MOS differential 
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amplifier circuit having linear transconductance has become 
stronger. 

Summary of the Invention 

Therefore, it is an object of the present invention to 
provide a MOS differential amplifier circuit which has linear 
subtraction and addition function over a wide input voltage 
range. 

It is another object of the present invention to provide a 
MOS differential amplifier circuit which has hnear subtraction 
and addition function and which is easily implemented in an 
LSI device. 

It is still another object of the present invention to 
provide a MOS differential amplifier circuit which has 
subtraction and addition function and which has simple circuit 
structure. 

It is still another object of the present invention to 
provide a MOS differential amplifier circuit which has linear 
transconductance over a wide input voltage range. 

It is still another object of the present invention to 
provide a MOS differential amplifier circuit which has linear 
transconductance and which is easily implemented in an LSI 
device. 

It is still another object of the present invention to 
obviate the disadvantages of the conventional MOS differential 
amplifier circuits. 

According to an aspect of the present invention, there is 
provided a voltage sub tractor/adder circuit comprising- a 
differential pair having first and second MOS transistors, gate 
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electrodes of said first and second MOS transistors forming 
input terminals for receiving an input differential voltage, 
drain electrodes of said first and second MOS transistors 
forming output terminals for outputting a subtraction output 
5 signal, and source electrodes of said first and second MOS 

transistors being commonly coupled to form an output terminal 
for addition output voltage; and wherein the sum of currents 
flowing through said first and second MOS transistors 
increases in proportion to the square of said input differential 

10 voltage. 

In this case, it is preferable that the voltage 
subtractor/adder circuit further comprises a level shifter for 
level-shifting the addition output voltage from the source 
electrodes which are commonly coupled. 

15 According to another aspect of the present invention, 

there is provided a voltage subtractor/adder circuit comprising* 
a differential pair having first and second MOS transistors, 
gate electrodes of the first and second MOS transistors forming 
input terminals for receiving an input differential voltage, 

20 drain electrodes of the first and second MOS transistors 

forming output terminals for outputting a subtraction output 
signal, and source electrodes of the first and second MOS 
transistors being commonly coupled to form an output terminal 
for addition output voltage? and a constant current source 

25 which drives the differential pair. 

In this case, it is preferable that the voltage 
subtractor/adder circuit further comprises a level shifter for 
level- shifting the addition output voltage from the source 
electrodes which are commonly coupled. 

30 According to still another aspect of the present invention, 
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there is provided a MOS differential amplifier circuit 
comprising: a MOS differential pair having first and second 
MOS transistors and receiving an input differential voltage, 
source electrodes of the first and second MOS transistors being 
5 commonly coupled and being driven by a current source?' and 
wherein current value of the current source being controlled 
such that a difference voltage between a common mode voltage 
and a common source voltage of the first and second MOS 
transistors becomes a constant value. 
10 In this case, it is also preferable that the MOS 

.^g differential amplifier circuit further comprises a level shifter 

1% for level- shifting the common source volage of the first and 

^3 second MOS transistors. 

'""■4 According to still another aspect of the present invention, 

fU 

15 there is provided a MOS differential amplifier circuit 
}q comprising: a MOS differential pair having first and second 

MOS transistors and receiving an input differential voltage, 
□ source electrodes of the first and second MOS transistors being 

commonly coupled and being driven by a constant current 

20 source; and wherein a current is injected into the constant 
current source such that a difference voltage between a 
common mode voltage and a common source voltage of the first 
and second MOS transistors becomes a constant voltage. 

According to still another aspect of the present invention, 

25 there is provided a MOS differential amplifier circuit 

comprising: a MOS differential pair having first and second 
MOS transistors and receiving an input differential voltage, 
source electrodes of the first and second MOS transistors being 
commonly coupled and being driven by a constant current 

30 source; and third and fourth MOS transistors which are load 




transistors of the first and second MOS transistors, respectively, 
and whose gates receive the sum of a predetermined constant 
voltage and a voltage obtained by subtracting a common source 
voltage of the first and second MOS transistors from a common 
5 mode voltage. 

According to still another aspect of the present invention, 
there is provided a complementary MOS differential amplifier 
circuit comprising* a MOS differential pair having first and 
second MOS transistors and receiving an input differential 
10 voltage, source electrodes of the first and second MOS 
^1 transistors being commonly coupled and being driven by a first 

constant current source; a MOS quadri-tail cell having third, 
C3 fourth, fifth and sixth MOS transistors which have different 

sa 
c:s=3 

^.j conductivity type from that of the first and second MOS 

15 transistors, source electrodes of the third, fourth, fifth and sixth 
MOS transistors being commonly coupled and being driven by a 
ru second constant current source; wherein gate electrodes of the 

n fifth and sixth MOS transistors being coupled to a common 

source electrode of the first and second MOS transistors, drain 
20 electrodes of the fifth and third MOS transistors being 

commonly coupled and forming one output terminal, drain 
electrodes of the sixth and fourth MOS transistors being 
commonly coupled and forming the other output terminal, and 
gate electrodes of the first and second MOS transistors and gate 
25 electrodes of the third and fourth MOS transistors receiving 
input voltages. 

In this case, it is preferable that the complementary 
MOS differential amplifier circuit further comprises level 
shifters for level- shifting the input voltages before being 
30 appHed to the gate electrodes of the first and second MOS 




transistors and the gate electrodes of the third and fourth MOS 
transistors. 

It is also preferable that the ratio of the current value of 
the first constant current source and transconductance 
5 parameter of the first and second MOS transistors is 

approximately half of the ratio of the current value of the 
second constant current source and transconductance 
parameter of the third, foruth, fifth and sixth MOS transistors. 
It is further preferable that the complementary MOS 
10 differential amplifier circuit comprises first and second MOS 
differential amplifier circuits each of which is the 
complementary MOS differential amplifier circuit as set forth 
above, wherein corresponding MOS transistors of the first and 
second MOS differential amplifier circuits have mutually 
15 different conductivity types and wherein the first and second 
MOS differential amplifier circuits are coupled parallel to form 
a differential input pair. 

It is also advantageous that transconductance of the 
MOS differential amplifier circuit is adjustable by controlling 
20 current values of at least one of the first and second constant 
current sources. 

Constitution of the present invention is again described 
briefly in other words. The hnear voltage subtractor/adder 
circuit according to the present invention has a structure in 
25 which gate electrodes of first and second transistors constitute 
a pair of input terminals or an input terminal pair, and drains 
of the first and second transistors constitute a pair of 
subtraction output terminals or a subtraction output terminal 
pair. Source electrodes of the first and second transistors are 
30 commonly coupled and constitute an addition output terminal. 
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The sum of currents flowing through the first and second 
transistors increases in proportion to a differential input 
voltage. 

Also, a simplified voltage sub tractor/adder circuit 
5 according to the present invention has a structure in which gate 
electrodes of first and second transistors constitute a pair of 
input terminals or an input terminal pair, and drains of the 
first and second transistors constitute a pair of subtraction 
output terminals or a subtraction output terminal pair. 
10 Source electrodes of the first and second transistors are 

commonly coupled to constitute an addition output terminal 
and are driven by a constant current source. 

In a CMOS differential amplifier circuit having linear 
transconductance according to the present invention, an input 
15 pair is composed of a MOS differential pair in which source 
1% electrodes of first and second transistors are commonly coupled 

and are driven by a current source. The current value of the 
current source is controlled such that a difference voltage 
between the common mode voltage and the common source 
20 voltage of the first and second transistors becomes a constant 
voltage. 

In other constitution, an input pair is composed of a MOS 
differential pair in which source electrodes of first and second 
transistors are commonly coupled and are driven by a constant 
25 current source, and a current is sourced into the constant 
current source such that a difference voltage between the 
common mode voltage and the common source voltage of the 
first and second transistors becomes a constant voltage. 

Further, a MOS differential amplifier circuit having 
30 Hnear transconductance according to the present invention 



ru 



ru 
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comprises a MOS differential pair and a MOS quadri"tail cell 
coupled parallel with the MOS differential pair. Transistors 
constituting the MOS differential pair have different 
conductivity type from that of transistors constituting the MOS 
5 quadri-tail cell. 

Operation of the present invention will now be described. 
Non-linearity of a MOS differential pair is caused by an 
increase in the common source voltage according to an increase 
in an input voltage. Therefore, in the MOS differential pair, it 
10 is possible to obtain a drive current which is proportional to the 
square of an input voltage, by controlling a tail current such 
that the difference between the common source voltage and the 
input common mode voltage becomes constant. Thereby, the 
H tail current driving the MOS differential pair becomes a 

ru 

g 15 current which is proportional to the square of an input voltage. 

Q 

m 



^0 
£3 



Thus, it is possible to equivalently obtain an adaptive -biasing 
differential pair and to reaUze a CMOS differential amplifier 
circuit having hnear transconductance. By such structure of 
the present invention, the difference between the common 
20 source voltage and the input common mode voltage becomes 
constant, so that a voltage addition function can be obtained. 
Also, the differential output current is proportional to the 
differential input voltage, so that a voltage subtraction function 
can be obtained. As a result thereof, it is possible to realize a 
25 linear voltage subtractor/adder circuit. 



Brief Description of the Drawings 



30 



These and other features, and advantages, of the present 
invention will be more clearly understood from the following 
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detailed description taken in conjunction with the 
accompanying drawings, in which like reference numerals 
designate identical or corresponding parts throughout the 
figures, and in which- 

Fig. 1 is a circuit diagram showing a general structure of 
a voltage subtractor/adder circuit according to an embodiment 
of the present invention; 

Fig. 2 is a circuit diagram showing a general structure of 
a voltage subtractor/adder circuit, which includes a level shifter, 
according to another embodiment of the present invention; 

Fig. 3 is a circuit diagram showing a structure of a 
voltage subtractor/adder circuit according to still another 
embodiment of the present invention; 

Fig. 4 is a graph showing characteristics of output 
voltages of a MOS differential pair having load transistors 
shown in Fig. 3; 

Fig. 5 is a graph showing characteristics of output 
currents of a quadri-tail cell shown in Fig. 3; 

Fig. 6 is a circuit diagram showing a structure of a 
voltage subtractor/adder circuit, which includes a level shifter, 
according to still another embodiment of the present invention; 

Fig. 7 is a circuit diagram showing a structure of a 
voltage subtractor/adder circuit, which includes a level shifter, 
according to still another embodiment of the present invention; 

Fig. 8 is a circuit diagram showing a structure of a MOS 
differential amplifier circuit according to an embodiment of the 
present invention; 

Fig. 9 is a circuit diagram showing an example of an 
adder circuit for producing an input common mode voltage; 

Fig. 10 is a circuit diagram showing a structure of a MOS 
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differential amplifier circuit according to another embodiment 
of the present invention; 

Fig. 11 is a circuit diagram showing a structure of a MOS 
differential amplifier circuit according to still another 
5 embodiment of the present invention; 

Fig, 12 is a circuit diagram showing a structure of a MOS 
differential amplifier circuit according to still another 
embodiment of the present invention; 

Fig. 13 is a circuit diagram showing a structure of a MOS 
10 differential amplifier circuit according to still another 
embodiment of the present invention; 

Fig. 14 is a circuit diagram showing a structure of a MOS 
differential amplifier circuit according to still another 
embodiment of the present invention; 

ru 

s 15 Fig. 15 is a circuit diagram showing a structure of a MOS 

differential amplifier circuit according to still another 



a 
m 



embodiment of the present invention; 
C3 Fig. 16 is a circuit diagram showing a structure of a MOS 



differential amplifier circuit according to still another 
20 embodiment of the present invention; 

Fig. 1 7 is a circuit diagram showing a structure of a 
conventional voltage subtractor/adder circuit; 

Fig. 18 is a circuit diagram showing a general structure 
of an adaptive -biasing differential pair; and 
25 Fig. 19 is a circuit diagram showing a conventional MOS 

differential amplifier circuit comprising a MOS differential pair 
and a quadri-tail cell. 



Description of a Preferred Embodiment 
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Fig. 1 is a circuit diagram showing a general structure of 
a voltage sub tractor/adder circuit having linear subtraction and 
addition function according to the present invention. 

The circuit of Fig. 1 has a MO S differential pair which 
comprises transistors Ml and M2 driven by a tail current Iss 
(=Io+ i3 Vi^/2). Assuming the transistors Ml and M2 are well 
matched with each other, the differential output current A Id 
(=Idi-Id2) of the MOS differential pair comprising the 
transistors Ml and M2 is represented as follows' 



Therefore, the condition the differential output current 
Alp of the MOS differential pair becomes linear is that the 
value within ^ in the formula (l9a) is a constant value. That 
is, in order for the MOS differential pair to become an 
adaptive -biasing differential pair, the condition of the tail 
current should be as follows- 




•••(19b) 



•••(19a) 




2 



The above formula (20) differs from the formula (14) in that, in 
the formula (20), an input voltage range is Hmited within the 
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specified range. However, when the transconductance of the 
MOS differential pair is to be compensated, it is natural that 
such compensation is not effective outside the operational input 
voltage range of the MOS differential pair. 

Therefore, it is possible to completely compensate the 
transconductance of the MOS differential pair by driving the 
MOS differential pair with a tail current having a square-law 
characteristic of an input voltage. In this case, the differential 
output current AI^ (=Idi"Id2) is obtained as follows- 

Ml>=-yj2jloK ^J-^) -(21) 



Therefore, by converting the diJOferential output current AIj^ 
into a corresponding voltage, it is possible to obtain a hnear 
subtraction output. 

On the other hand, the common source voltage Vs can be 
obtained by solving the following formulas. 



Idi = P {—- +—-Vs -Vth) '■' (22) 



D2 



P{ —-Vs-Vth) -(23) 



Id. + Id2 = Iss=Io + \pV- - (24) 



By solving the formulas (22) through (24), it is possible to 
obtain the following formula. 
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Vs- 



F.^F. I. 




-V: 



•••(25) 



This formula shows that, from the common source voltage Vs, it 
is possible to obtain an addition voltage of input signals. 

The common source voltage Vs includes a constant offset 
voltage (I(/i3)-VTH - Therefore, as shown in Fig. 2, it is 
possible to remove the offset voltage by level-shifting the 
common source voltage Vs to obtain an addition voltage 



Fig. 3 is a circuit diagram showing an example of a 
practical circuit for reahzing a voltage subtraction and addition 
circuit shown in Fig. 2, 

The circuit of Fig. 3 has a MOS differential pair which 
comprises transistors Ml and M2 each having a transistor size 
ratio (that is, gate width W/gate length L) with respect to a unit 
transistor is and which is driven by a constant current Iss (= 
Io/2). The circuit of Fig. 3 also has a triple -tail cell in which 
source electrodes of unit transistors M5 and M6 and of a 
transistor M7 having a transistor size ratio K3 with respect to a 
unit transistor are commonly coupled and which is driven by a 
constant current Iq. The circuit of Fig. 3 further has a 
transistor M8 for supplying a bias voltage of the transistor M7, 
and a constant current source Iss/2 (= I0/4) for driving the 
transistor M8. From the circuit analysis described below, it is 
possible to obtain a relation Iss=Io/2. Also, the transistor M7 
can be divided into two pieces and can be represented as M7A 



(Vi+V2)/2. 



and M7B. 
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Assuming that the transistors are well matched, output 
currents of the MOS differential pair comprising the transistors 
Ml and M2 each of which has a transistor size ratio of with 
respect to a unit transistor are represented as follows^ 



Also, the output currents of the MOS differential pair are 
compressed to their square -roots and converted into 
corresponding voltages, by the transistors M3 and M4 each of 
which has a transistor size ratio K2 with respect to the unit 
transistor as a load transistor. Here, a differential output 
voltage of the MOS differential pair becomes hnear based on 
the following formula. 






(27a) 



where, 



a=l, b=^(Iss/2), x=Vi/-vr(Iss/(Ki/3)) 



(27b) 



Therefore, the following relation is obtained- 
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That is, a term -T Im'^ Id2 becomes linear. Thus, the MOS 
differential pair has a linear term- 



V^K.(-V7^-V7^) •••(29a) 



and a non-linear term^ 



The differential output current of the MOS differential 
pair is represented as follows- 



The non-linear term of the above formula, i.e., 
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is caused by a common source voltage of the MOS differential 
pair. The common source voltage Vgi is represented as follows- 



-(31) 



In this formula, Vcmi designates a common mode voltage 
of input voltages. Non-linearity behavior of the MOS 
differential pair is caused by the variations in the common 
source voltage depending on the input voltages. Therefore, if 
the common source voltage of the MOS differential pair is kept 
constant, the MOS differential pair operates Unearly. 

Output voltages of respective transistors which 
constitute the MOS differential pair and each of which is 
coupled to a load transistor are represented as follows^ 



Vo2'V,-V^- 



Dl 



KjI_ 

I D2 




•••(32) 
•••(33) 



where, designates a gate bias voltage of a load transistor. 
Therefore, a differential output voltage becomes as 
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\ 



follows- 




•••(34) 



5 

C3 

S 10 

ru 

s 



Here, if Kg/Ki is larger than 1, the MOS differential pair having 
transistor loads becomes an attenuator having an opposite 
output phase, and, if Kg/K^ is smaller than 1, the MOS 
differential pair becomes an amplifier having an opposite 
output phase. As shown by the formula (34), the MOS 
differential pair having transistor loads becomes linear with 
respect to the differential output voltage. 

Fig. 4 is a graph showing characteristics of output 
voltages of the MOS differential pair having transistor loads. 

The common mode voltage of the output voltages 
becomes as follows- 



That is, the common mode voltage of the differential output 
voltage of the MOS differential pair having transistor loads can 
be represented by using the common source voltage Vgi. 

Next, consideration will be made on a MOS quadri-tail 
cell in which source electrodes of unit transistors M5 and M6 




•••(35) 
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and source electrodes of transistors M7 and M8 whose 
transistor size ratios with respect to the unit transistor are K3 
are commonly connected and driven by a constant current 
source Iq. Assuming that a voltage A V is applied between 
gate electrodes of the transistors M5 and M6 and that a voltage 
Vq is applied between the common gate of the transistors M7 
and M8 and the input common mode voltage (Vcms)? drain 
currents of the transistors M5, M6, M7 and M8 are represented 
as follows- 

S Id5=/3{Vcm3+(1/2)AV-Vs2-VthP (36) 

h 

:P Id6=^{Vcm3-(1/2)AV-Vs2-Vth}' ---- (37) 

fU 

n 15 Id7=Id8=K3/3(Vcm3+Vc-Vs2-Vt„)2 (38) 
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where, Vs2 designates a common source voltage of the MOS 
quadri-tail cell. 

Also, from the condition of the tail current, the following 
20 formula is obtained. 

Ids ■'" Idg ^d? Ids ~ Iq " (39) 

By substituting formulas (36) through (38) for the formula (39), 
25 it is possible to obtain a term (Vcj^3-Vs2-Vth) as follows- 
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The differential output current A I of the MOS quadri* 
tail cell can be obtained as described in "Appendix 2'' of a paper 
"MOS Linear and Square-Law Transconductance Amplifiers 
Consisting of a Source -Coupled Pair with Load Transistors and 
a Quadritail CeU Using Only N- Channel MOS Unit 
Transistors" (CAS98-41), Institute of Electronics, Information 
and Communication Engineers, Technical Report of Research 
Committee of Circuit and System, pp. 17-24, July 1998. As 
described in this paper, the differential output current AI = Ij^g 
- Id6 = 2 j3 ( a V) (Vcm3"Vs2"Vth) can be represented as follows- 

A I = I D 5 - I D 6 = 2 jS (AV) (V CM 3 " V s 2 - V th) 





2/o 



(|AF|^min| 



-}) 



•••(41) 



From the formula (41), the condition that the MOS 
quadri-tail ceU operates linearly becomes as follows- 
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K,Vc + J(i^3 + 1)^ -—^(^Vf-KsVl = ciconstant) .-(42) 



Here, the differential output current becomes as follows- 



A/=^^(AK) -.(43) 



^ Also, the control voltage can be obtained from the 

0 5 following relation. 



'4 



ry 



•••(44) 

For example, when C^=(K3-i-l)^Io/(4 )3 ), the control voltage 
Vc becomes as follows- 



10 



As shown in Fig. 3, by cascade-coupling the MOS 
differential pair having transistor loads and the MOS quadri- 
tail cell, it is possible to realize a hnear transconductance 
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amplifier. The gate voltages of the transistors M5, M6 and M7 
become Vqi, V02 and (Vcm2"''Vo), respectively. If the value 
(VcM2"^Vc) becomes a constant value, it is possible to greatly 
simplify the structure of a gate bias circuit for producing the 
control voltage Vc . Here, A V= VorVo2 , and Vcm3=Vcm2 • 
The value of (Vcm2+Vc) is represented as follows : 



i 



= rf(constant) 



— (46) 



Therefore, the requirement for Unear operation of the 
circuit of Fig. 3 is that term or terms which are functions of the 
input voltage Vi become zero, and the following relation is 
obtained. 



VcM2 ■'Vc=V3-Vni- -J^-^ = ^ (^^'^^ tan 0 ... (47) 

From the condition that the formula (46) and the formula (47) 
become equal to each other, the following relations are 
obtained. 



K3 = l (48) 
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Also, when Vi=0 in the formula (46), the formula (47) is 
satisfied even when Vc=0, and the following relations can be 
obtained. 



'i-V.-V^-.h^ -(50) 



c_4L^S_ = 2P^ -(51) 

By substituting the formula (51) for the formula (49), the 
following relation is obtained. 



/o-2^ -(52) 



Fig. 5 shows drain currents of respective transistors 
constituting the quadri-tail cell obtained in this way. In Fig. 5, 

AV = VorVo2. 

Both the drain currents I^g and log of the transistors M5 
and M6 are currents which satisfy the square-law. Therefore, 




the differential output current becomes linear, and the circuit of 
Fig. 3 constitutes a MOS hnear transconductance amplifier. 
Also, both the sum of the drain currents 1^5 and Ij^y and the sum 
of the drain currents I^q and I^g show straight lines. Therefore, 
5 the respective drain currents are obtained by the following 
formulas. 



Q 
CO 



/.,-f(AF-J^) dAKl.Jg) ...(53) 



•(54) 



/.,=/«.-^{/o+)8(AF)'} m^^^) -(55) 



Thus, an effective tail current of the two transistors 
constituting the differential pair of the quadri-tail cell becomes 
10 as follows- 



/.. + /.. = j{/0+;S(AKy} ^A^i^JA) .-(56) 

The circuit structure can be most simplified when Ki=l, 
K2=l, K3=l and Iss=Io. In such case, the value of the constant 
c becomes as follows* 



• 
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•••(57) 



Also, in this case, the following relations are obtained. 



The differential output current of the Unear 
transconductance amplifier shown in Fig. 3 is represented as 
follows- 



An operation range of such hnear transconductance amplifier 
shown by the relation I Vi | ^ {I(/(2 (3 )} becomes equal to the 
operation range of the MOS differential pair having transistor 
loads. 

Transconductance of such Unear transconductance 
amplifier becomes as follows- 




(58) 




^=Id5-Id6=-^IJioV, W^-/§-> -(eo) 



Q 
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d(AK ) 



= W-JJ) -(61) 



The common source voltage Vgg can be obtained by using 
the formula (39) as follows- 




F..-^^-F™-oiPt -(62) 



5 Therefore, an added voltage or a sum of the input voltages can 
be obtained. As shown by the formula (62), the common source 
voltage includes an offset voltage •Vrj.^-(l/2)/~ (Iq/ ) which is 
a constant voltage. Fig. 6 shows a circuit in which such offset 
voltage can be removed to obtain the added voltage (Vi+V2)/2. 
p 10 In the circuit of Fig. 6, the common source voltage Vgg/is level- 
shifted by a unit transistor which is diode -coupledTand which is 
driven by a constant current source Iq . 

The above-mentioned voltage subtractor/adder circuit 
can produce linear subtraction and addition outputs. However, 
15 in some cases, it is also preferable to provide a voltage 

subtractor/adder circuit which has more simple structure and 
smaller circuit scale although linearity performance may be 
slightly deteriorated. Fig. 7 shows a simplified voltage 
subtractor/adder circuit as another embodiment of the present 
20 invention. 

The circuit of Fig. 7 comprises a level- shifting circuit or a 
level shifter including a MOS transistor M3, and a MOS 
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differential pair including MOS transistors Ml and M2. As a 
voltage sub tractor circuit, the circuit of Fig. 7 provides an 
output voltage having hnearity corresponding to that of the 
usual MOS differential pair, as shown by the formula (19). 
Also, as a voltage adder circuit, the circuit of Fig. 7 provides an 
output voltage having linearity equivalent to that of the usual 
MOS differential pair as can be seen from the formula (31) and 
as shown by the curve of Vcm2 Fig. 4. The output voltage of 
the voltage adder circuit becomes as follows- 



J. Ka-^Fa , 1 To 1 To J. 2 



From the formula (63), when the differential input voltage | Vi | 
is relatively small, this formula can be approximated to the 
following- 



z •••(64) 



Also, as can be seen from the formula (63) and as shown 
by the curve of V^^^g Fig. 4, the output voltage of the voltage 
adder circuit becomes large as the differential input voltage 
I Vi I becomes large. 

Next, an explanation will be made on a method of 
constituting a MOS differential pair which has Hnear 
transconductance and which can be used for realizing a voltage 
adder circuit and/or a voltage subtractor circuit. Fig. 8 shows 




a MOS differential amplifier circuit including such MOS 
differential pair. 

In the circuit of Fig. 8, assuming that a transconductance 
parameter of each of the transistors Ml and M2 is i3 , a 
common source voltage Vs' of the MOS differential pair is 
represented as follows- 

V. 'Va. -Vn.-{j^-V- (IfJ = ^) -(65) 

where, Vqu is a common mode voltage of input voltages, and 
represented by the following formula^ 

Fc-^^V^ -(66) 

In this formula, and V2 designate gate voltages of the 
transistors Ml and M2, respectively. 

In the formula (65), Vi designates a differential input 
voltage of the MOS differential pair, and Vi=Vi-V2 . Therefore, 
the common source voltage Vs' of the MOS differential pair 
becomes high according to an increase in the differential input 
voltage Vi. When the common source voltage Vs' of the MOS 
differential pair varies depending on the value of the 
differential input voltage Vi, the MOS differential pair does not 
operate linearly. That is, when the common source voltage Vs' 
becomes constant with respect to the common mode voltage 
VcM ? the MOS differential pair operates hnearly. Here, when 



--3 
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the tail current of the MOS differential pair is increased 
according to an increase in the differential input voltage Vi, the 
gate-source voltage of each of the transistors Ml and M2 
becomes large in accordance with an increase in the differential 
5 input voltage Vi . Therefore, in such case, it is possible to 
cancel a voltage raise in the common source voltage Vs' 
according to an increase in the differential input voltage Vi, and 
to make the common source voltage Vs' constant with respect to 
the common mode voltage V^m . In this manner, an 
10 operational amplifier A, transistors M3, M4 and M5 constitute 
a feedback loop, and function to keep the common source 
voltage Vs' constant with respect to the common mode voltage 

• Therefore, the MOS differential pair shown in Fig. 8 
operates linearly. 



fU 

^15 As mentioned above, by changing the tail current for 



CO 



driving the MOS differential pair depending on the differential 
input voltage Vi such that the common source voltage Vs' 
becomes constant with respect to the common mode voltage 
VcM ? it is possible to realize the MOS differential pair which 
20 operates Unearly. 

In such case, the common source voltage Vs of the MOS 
differential pair is represented as follows^ 



Vs=VcM-V^-,l{j -(67) 



25 



Also, the tail current Iss driving the MOS differential 
pair becomes as follows" 
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IsS ^ I D5^ I Dl"^ I D2^ I O'^^^V i --(eS) 

Therefore, it is possible to realize an adaptive -biasing 
differential pair and to realize a CMOS differential amplifier 
circuit having hnear transconductance. Also, theoretically, an 
input voltage range for Hnear operation becomes infinite, if the 
tail current Iss is not Umited. 

The differential output current A I of the linear 
transconductance amplifier shown in Fig. 8 becomes as follows* 



^'Iu.-Io.--4Pl6V, -(69) 



Also, the transconductance becomes as follows^ 



diAV) 



As a circuit for obtaining the common mode voltage V^m ? 
there is known a voltage adder circuit shown in Fig. 9, for 
example. Also, when an input impedance is allowed to become 
relatively low, it is possible to obtain the common mode voltage 
Vqu from a coupling point of two resistors coupled in series. 

As shown in Fig. 10, it is also possible to use a level 
shifter to level-shift the common source voltage Vs. When the 
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differential input voltage is applied within a range +/-Vi and 
the center of the differential input voltage +/-Vi is the common 
mode voltage Vcm which is a constant voltage, the voltage adder 
circuit shown in Fig. 9 is not required. 
5 Fig. 11 shows a MOS differential amplifier circuit 

according to still another embodiment of the present invention. 

In an adaptive-biasing differential pair, it is required 
that the sum of currents flowing through the transistors Ml 
and M2 constituting a MOS differential pair becomes a current 

10 having the square -law characteristic as shown in the formula 
(68). Therefore, as shown in Fig. 11, it is possible to supply or 
inject a drain current log of the transistor M3 into a constant 
current source Ig. An operational amplifier A and the 
transistor M3 constitute a feedback loop, and function to keep 

15 the common source voltage Vs constant with respect to the 
common mode voltage Vq^ . Therefore, the sum of currents 
flowing through the transistors Ml and M2 becomes as follows- 



Thus, it is also possible to reaUze an adaptive -biasing 
20 differential pair by using the circuit of Fig. 11, and to reahze a 
CMOS differential amplifier circuit having a linear 
transconductance. Also, an input voltage range providing 
linear operation of the CMOS differential amplifier circuit is 
limited by the performance of the constant current source Ig . 
25 With reference to the drawings, more concrete examples 

of the MOS differential amplifier circuit will be described. Fig. 
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12 shows a MOS differential amplifier circuit having transistor 
loads. 

In Fig. 12, assume that all transistors Ml, M2, M3 and 
M4 have the same transistor size, and that the 
transconductance parameter is (3 . In such case, the common 
source voltage Vgi of the MOS differential pair can be 
represented as follows' 



F.,=K„+F^-|J^-K W-^) -(71) 



where, V^mi is a common mode voltage of input voltages and 



10 represented by the following formula* 

ru 

s 



In this formula, Vi and are gate voltages of the 
transistors Ml and M2, respectively. Also, Vi-V2=Vi. 
Therefore, in a unity gain amplifier, a voltage , which is 

15 obtained by subtracting the common source voltage Vgi from 
the common mode voltage Vcmi and by level- shifting the 
subtracted voltage by Vls > becomes a common gate voltage of 
the transistors MS and M4. That is, Vb=Vcmi "Vgi +Vls 
becomes the common gate voltage of the transistors MS and M4 

20 and represented as follows- 
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Vb=VcM1-Vs 1+Vls 



Therefore, output voltages Vqi and V02 can be obtained as 
follows- 



V<n=VB-Vr.-f^ 



'VAW^^^¥i^W^' W^Jf) •••(74a) 



02 V B ^ ^ V ^ 



From the identity of (27), the following relation is 
obtained. 



l^H^-V'-i^-i^-r.'^W. -(75a) 



Also, from the identity of (29), the following relation is obtained. 
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Therefore, the output voltages Vqi and V02 can be 
represented as follows- 

•-(76a) 
•••(76b) 

Thus, the output voltages Voi and V02 behave hnearly about an 
operating point having the DC voltage Vls . Therefore, a MOS 
differential amplifier circuit having opposite polarities is 
obtained. As an example of a practical circuit for obtaining a 
common mode voltage of input voltages, it is possible to use the 
adder circuit of Fig. 9 as it is. 

As another method of obtaining a voltage having 
opposite polarity of the common source voltage, there is 
described a method in which a MOS differential pair composed 
of P-channel transistors is used. Fig. 13 shows an example of 
a circuit for reahzing such method. 

In Fig. 13, assume that a transconductance parameter of 
each P-channel transistor is )3 p (= p(Cox/2)(W/L)), and that a 
transconductance parameter of each N-channel transistor is 
i3 (=// j^(Cox/2)(W/L)), In this case, a common source voltage 
Vsip of the MOS differential pair comprising P-channel 



V 

Vo,-V,s~ 

V 
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transistors is represented as follows^ 



m 




^° ) -(77) 



Therefore, in a unity gain amplifier, a voltage , which 
is obtained by subtracting the common mode voltage Vcmi from 
the common source voltage Vgi and by level- shifting the 
subtracted voltage by Vls ? becomes a common gate voltage of 
the transistors M3 and M4. That is, Vb=Vsip "Vcmi +Vls 
becomes the common gate voltage of the transistors M3 and M4 
and represented as follows' 



Vb=Vs 1 P— VcMl +Vl S 



= ! Fisp I + 



.1 ZL.y 



(78) 



Therefore, output voltages Vqi and V02 can be obtained as 
follows^ 
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Vo2 



When i3 j3 p, the output voltages Vqi and V02 can be 
represented as follows* 

Vol = Kb + "VrJi -Vj^ ~ -(80a) 
Voz^Vb"^ IFihyI " Vms + ^ - (80b) 

Thus, the output voltages Vqi and V02 behave Hnearly about an 
operating point having a DC voltage Vls + I V^hp I ' V^hn- 
Therefore, a MOS differential amplifier circuit having opposite 
polarities is obtained. 

In each of the MOS differential amplifier circuits 
mentioned above, a unity gain amplifier as a subtractor is 
required. In order to omit the unity gain amplifier, it is 
possible to make current outputs of the MOS differential 
amplifier circuit linear. Fig. 14 shows a MOS differential 



3 
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amplifier circuit which does not require using the unity gain 
amplifier. 

In the MOS differential amplifier circuit of Fig. 14, the 
common source voltage Vgi of a MOS differential pair composed 
of P-channel transistors which are driven by a constant current 
source 2Iq is represented as follows- 

f.-Fc«.+ifj+J^-f: w*J^) -(81) 



P-channel transistors M7 and M8 and constant current 
sources 1q constitute source follower transistors, and function to 
10 level-shift input voltages by a voltage Vp . Here, Vp is 
□ represented as follows- 



V, = J-^*yJi -(82) 



In a quadri-tail cell comprising N channel transistors M3, 
M4, M5 and M6 which are driven by a constant current source 

15 4Io, the input voltages and V2 are level- shifted by the voltage 
Vp and are appUed to the gate electrodes of the transistors M3 
and M4, respectively. The common source voltage Vgi of the 
transistors Ml and M2 is directly applied to the commonly 
coupled gates of the transistors M5 and M6. Therefore, the 

20 following formulas are obtained. 

Id3= /3 n(Vi+Vf-Vs2-Vthn)' (83) 
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Id4= ^n(V2+Vf-Vs2-Vthn)' (84) 

Id5 = Id6 = /3 nCVsi-Vss-Vthn)' - - - - (85) 

where, I^a , l^^ , I^s , Ids Iq satisfy the following relation- 

Id3 + Id4 + Ids + Id6 = 4Io (86) 

Therefore, the differential output current A I becomes as 
follows- 

AI = (Ids + Id5 > " (Id4 + Ids ) = Ids ' Id4 

= 2^NVi(VcMi+Vp-Vs2-VTHN) ---- (87) 

Here, by substituting the formulas (83) -(85) for the formula (86), 
it is possible to obtain (Vcmi+Vp-Vs2"Vthn) ^is follows* 

Vcmi+Vf-Vs2-Vthn 

7 



pp ' V ' iPp\Pp 

-(SB) 



Assuming 3 n= i3 p, the formula (88) becomes as follows- 



-46- 



Va..^V.-Vs2-V: 




lo 
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Therefore, in such case, the formula (87) becomes as shown 
below, and it can be seen that the MOS differential amplifier 
circuit of Fig. 14 operates hnearly. 



Also, from the formula (90), it can be seen that 
transconductance of the MOS differential amplifier circuit is 
determined depending on the drive current Iq . Therefore, by 
changing current values of constant current sources Iq , 21q , 4Iq 
simultaneously, it is possible to set the transconductance to a 
desired value. 

Since the circuit of Fig. 14 operates in A-class, output 
currents F and I' are represented as follows^ 




-2. 



•••(90) 
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•••(92) 




Therefore, voltage outputs are obtained via load resistors Rl 
through which the output currents shown above flow. 

As shown in Fig. 15, it is also possible to use source 
follower transistors M7 and M8 having different conductivity 
5 type than that of the source follower transistors used in the 
circuit of Fig. 14. In this case, when the threshold voltage 
Vthn of the N-channel transistor and the threshold voltage V^hp 
of the P-channel transistor differ from each other, it is 
necessary to set a current value of a constant current source 

10 such that the value of voltage shift by the source follower 

transistors M7 and M8 becomes equal to the value of voltage 
shift in the circuit of Fig. 14. Also, with respect to an effective 
mobility (li^) of an N-channel transistor and an effective 
mobility (u-p) of a P"channel transistor, there is a relation li ^> 

15 M p, and usually both differ from each other by approximately 
three times. Therefore, in order to match DC transfer 
characteristics of both transistors with each other, a gate ratio 
(W/L) of the P-channel transistor is made larger than that of 
the N"channel transistor depending on how smaller the 

20 effective mobihty ( M p) of the P-channel transistor is when 

compared with that of the N-channel transistor. Alternatively, 
it is possible to enlarge the tail current to match DC transfer 
characteristics of both transistors with each other. Therefore, 
in general, frequency characteristics of the MOS differential 

25 amplifier circuit are hmited depending on frequency 
characteristics of such P-channel transistors. 

Fig. 16 shows a circuit which uses two MOS differential 
amplifier circuits using transistors having different 
conductivity types. 

30 In the circuit of Fig. 16, level shift circuits are 
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constituted of transistors M.^^ and Mpy which share respective 
common source voltages and which are driven by constant 
current sources. Similarly to the circuit shown above, 
transconductance of the MOS differential amplifier circuit is 
5 determined depending on the drive current Iq . Therefore, by 
changing current values of constant current sources Iq , SIq , 41q 
simultaneously it is possible to set the transconductance to a 
desired value. 

Also, by doubling the size of each of the transistors Mj^fy 
10 and Mp7, both the drive current of the transistors Mj^i, and 
Mj^7 and the drive current of the transistors Mpi, Mpg and Mp^ 
%Q vary from 3Iq to 4Io, and both the drive current of the transistor 

O and the drive current of the transistor Mpy vary from Iq to 

Zi 21q. The circuit of Fig. 16 has output terminals both on the 

15 side of a power supply voltage and on the side of the ground. 
C3 Therefore, the circuit of Fig. 16 is preferable for use in an 

apphcation in which an AB'class output circuit is to be driven 
by the circuit. 

The present invention provides various advantageous 
20 effects. 

First, according to the present invention, it is possible to 
realize a MOS differential amplifier circuit which has both 
linear voltage subtraction outputs and linear voltage addition 
outputs. Thereby, it is possible to reahze a hnear voltage 
25 subtractor/adder circuit. The reason why such circuit is 
realized is as follows. That is, the tail current of a MOS 
source -coup led differential pair is driven by using an output 
current of a squaring circuit which provides an output current 
proportional to an input voltage. Thereby, it is possible to 
30 make the common source voltage constant with respect to an 
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input common mode voltage, and to make differential output 
current linear. 

Second, according to the present invention, it is also 
possible to realize a linear voltage subtractor/adder circuit 
having a simplified structure and a small circuit scale if 
linearity requirement is not very strict. 

Third, according to the present invention, it is possible to 
completely linearize the outputs of a MOS source -coupled 
differential pair. Thereby, it becomes possible to reahze an 
ideal linear transconductance amplifier. This is because, by 
controlling the tail current such that the common source 
voltage of the MOS differential pair becomes constant with 
respect to the input common mode voltage, it becomes possible 
to realize a completely linear operation. 

Fourth, according to the present invention, it is possible 
to expand an input voltage range within which hnear 
transconductance is obtained. This is because, in the present 
invention, a tail current driving a MOS differential pair is made 
variable. 

Fifth, according to the present invention, it is possible to 
completely hnearize output voltages of a MOS differential pair. 
Thereby, it becomes possible to realize an ideal linear 
transconductance amplifier. The reason for this is as follows. 
The output currents of a MOS source -coupled differential pair 
are compressed to their square -roots, and outputted as a 
differential output. In such case, the following identity is 
obtained. 
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= V2x -.(93) 



This formula shows that such differential output behaves 
hnearly. Therefore, MOS transistors are used as loads of a 
MOS differential pair to provide output voltages. Also, a 
5 voltage is obtained by subtracting the common source voltage of 
a MOS differential pair from the input common mode voltage, 
and this voltage is applied to the commonly coupled gates of the 
MOS load transistors. Thereby, it becomes possible to realize 
an A-class operation, and to obtain a completely linear output 
10 voltage. 

Sixth, according to the present invention, it is possible to 
Q independently adjust the transconductance of a MOS 

differential amplifier circuit having hnear transconductance. 
Thereby, it becomes possible to reahze a MOS differential 
15 amplifier circuit in which transconductance is tunable. This is 
because, in a MOS differential amplifier circuit, constant 
current sources are required for driving a MOS differential pair 
and a MOS quadri"tail cell which constitute the MOS 
differential amplifier circuit. By controUing the current values 
20 of the constant current sources, it becomes possible to adjust or 
change the transconductance. 

In the foregoing specification, the invention has been 
described with reference to specific embodiments. However, 
one of ordinary skill in the art appreciates that various 
25 modifications and changes can be made without departing from 
the scope of the present invention as set forth in the claims 




below. Accordingly, the specification and figures are to be 
regarded in an illustrative sense rather than a restrictive sense, 
and all such modifications are to be included within the scope of 
the present invention. Therefore, it is intended that this 
invention encompasses all of the variations and modifications 
as fall within the scope of the appended claims. 



